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(57) ABSTRACT 
A technique is disclosed Which enables the formation of a 
metalliZation layer being substantially comprised of a loW-k 
dielectric material, Wherein a compressive stress layer pro 
vides enhanced electromigration behavior of the metalliZa 
tion layer. In particular embodiments, a compressive silicon 
dioxide layer may be formed on or in the vicinity of a 
dielectric barrier layer and a metalliZation layer based on 
SiCOH. 
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SEMICONDUCTOR DEVICE INCLUDING A 
LOW-K METALLIZATION LAYER STACK FOR 

ENHANCED RESISTANCE AGAINST 
ELECTROMIGRATION 

BACKGROUND OF THE INVENTION 

[0001] 1. Field of the Invention 

[0002] Generally, the present invention relates to the fab 
rication of integrated circuits, and, more particularly, to the 
formation of metalliZation layers of reduced permittivity. 

[0003] 2. Description of the Related Art 

[0004] Semiconductor devices are typically formed on 
substantially disc-shaped substrates made of any appropriate 
material. The majority of semiconductor devices, including 
highly complex electronic circuits, currently, and in the 
foreseeable future, Will be manufactured on the basis of 
silicon, thereby rendering silicon substrates and silicon 
containing substrates, such as silicon-on-insulator (SOI) 
substrates, viable carriers for forming semiconductor 
devices, such as microprocessors, SRAMs, ASICs (applica 
tion speci?c ICs) and the like. The individual integrated 
circuits are arranged in an array form, Wherein most of the 
manufacturing steps, Which may involve up to 500 and more 
individual process steps in sophisticated integrated circuits, 
are performed simultaneously for all chip areas on the 
substrate, except for photolithography processes, metrology 
processes and packaging of the individual devices after 
dicing the substrate. Thus, economical constraints drive 
semiconductor manufacturers to steadily increase the sub 
strate dimensions, thereby also increasing the area available 
for producing actual semiconductor devices and thus 
increasing production yield, and also reduce device dimen 
sions in vieW of performance criteria, as typically loWer 
transistor dimensions provide increased operating speeds. 

[0005] In modern integrated circuits, the circuit elements 
are formed in and on a semiconductor layer, While most of 
the electrical connections are established in one or more 

“Wiring” layers, also referred to as metalliZation layers, 
Wherein the electrical characteristics, such as resistivity, 
electromigration, etc., of the metalliZation layers signi? 
cantly affect the overall performance of the integrated cir 
cuit. Electromigration is a phenomenon of temperature and/ 
or electric ?eld induced material transport in a metal line, 
Which is observable at higher current densities in a metal 
line, thereby resulting in device degradation or even device 
failure. 

[0006] Due to the ongoing demand for shrinking the 
feature siZes of highly sophisticated semiconductor devices, 
copper in combination With a loW-k dielectric material has 
become a frequently used alternative in the formation of 
so-called interconnect structures comprising metalliZation 
layers having metal line layers and intermediate via layers. 
Metal lines act as intralayer connections and vias act as 
interlayer connections, Which commonly connect individual 
circuit elements to provide the required functionality of the 
integrated circuit. Typically, a plurality of metal line layers 
and via layers stacked on top of each other are necessary to 
realiZe the connections betWeen all internal circuit elements 
and I/O (input/output), poWer and ground pads of the circuit 
design under consideration. Hereby, the metal lines provide 
the electrical connections Within a single metalliZation layer, 
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Whereas the vias are formed through the interlayer dielectric 
material to connect tWo metal lines of vertically adjacent 
metalliZation layers. 
[0007] For extremely scaled integrated circuits, the signal 
propagation delay is no longer limited by the ?eld effect 
transistors but is limited, oWing to the increased density of 
circuit elements, Which requires an even more increased 
number of electrical connections, by the close proximity of 
the metal lines, since the line-to-line capacitance is 
increased. This fact, in combination With a reduced conduc 
tivity of the lines due to a reduced cross-sectional area, 
results in increased RC time constants. For this reason, 
traditional dielectrics such as silicon dioxide (k>3.6) and 
silicon nitride (k>5) are increasingly replaced in metalliZa 
tion layers by dielectric materials having a loWer permittiv 
ity, Which are therefore also referred to as loW-k dielectrics 
having a relative permittivity of approximately 3 or less. 
HoWever, the density and mechanical stability or strength of 
the loW-k materials may be signi?cantly less compared to 
the Well-approved dielectrics silicon dioxide and silicon 
nitride. As a consequence, the electrical behavior of the 
metalliZation layers, although being superior in vieW of 
device performance, may deteriorate With respect to reli 
ability compared to devices having a conventional metalli 
Zation layer. Therefore, a hybrid technique is frequently 
employed Where the dielectric material for the via layers is 
comprised of silicon dioxide While the metal line layers are 
formed of a loW-k material, thereby sacri?cing some of the 
advantages in vieW of operating speed offered by the loW-k 
material for the bene?t of an enhanced reliability, for 
instance With respect to electromigration, compared to a 
metalliZation layer fully fabricated from a loW-k material. 

[0008] With reference to FIG. 1, a typical conventional 
semiconductor device is described, Which includes a metal 
liZation layer on the basis of a loW-k material. In FIG. 1, a 
semiconductor device 100 comprises a substrate 101 that 
may include any circuit elements, such as transistor ele 
ments, capacitors and the like. For convenience, these circuit 
elements are not shoWn. Formed on the substrate 101, Which 
may represent a bulk silicon substrate or an SOI substrate, 
is a dielectric layer 102, Which may be comprised, at least 
partially, of a loW-k material such as hydrogen-containing 
silicon oxycarbide (SiCOH) or any other suitable materials, 
including polymer materials and the like. Ametal region 103 
is formed Within the dielectric layer 102, Wherein the metal 
region 103 is provided to represent any highly conductive 
portion, such as a contact portion or a metal line of a 
metalliZation layer. The metal region 103 may be separated 
from the material of the dielectric layer 102 by a barrier 
layer 104, Which is typically provided as a layer for reducing 
the diffusivity of metal atoms into the dielectric layer 102 
and to also reduce the diffusion of atoms from the dielectric 
layer 102 into the metal region 103. Moreover, the barrier 
layer 104 may also enhance the adhesion of the metal With 
respect to the dielectric material. In sophisticated devices, 
the metal region 103 may comprise copper and the barrier 
layer 104 may be comprised of one or more layers including 
tantalum, tantalum nitride, titanium, titanium nitride and the 
like. Formed above the dielectric layer 102 and the metal 
region 103 is a dielectric barrier layer or capping layer 105 
comprised of a dielectric material that substantially prevents 
diffusion of metal atoms of the metal region 103 into 
overlying regions. In particular, the metal region 103 may 
comprise copper Which readily diffuses in a plurality of 
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dielectric materials, such as silicon dioxide. Hence, the 
dielectric barrier layer 105 may comprise silicon nitride or 
nitrogen-enriched silicon carbide, Which exhibits a high 
diffusion blocking effect and may also act as an etch stop 
layer during subsequent etch processes. 

[0009] A metalliZation layer 113 is formed on the dielec 
tric barrier layer 105, Wherein the metalliZation layer 113 
includes a via layer 111 and a metal line layer 112. The metal 
line layer 112 comprises a dielectric layer 110, Which is 
typically comprised of a loW-k material such as SiCOH. 
Moreover, a metal-?lled trench 107, Which may contain a 
copper-based metal, is formed Within the dielectric layer 
110. Similarly, the via layer 111 comprises a dielectric layer 
109 and a metal-?lled via 106. The metal-?lled trench 107 
and via 106 are separated from the respective dielectric 
materials by a conductive barrier layer 108, Which may have 
the same composition as the barrier layer 104. A dielectric 
barrier layer or a capping layer 114 is formed on the 
dielectric layer 110 and the metal-?lled trench 107. Regard 
ing the material composition of the barrier layer 114, the 
same criteria apply as discussed With reference to the barrier 
layer 105. 

[0010] In vieW of increased performance, it is desirable to 
keep the permittivity of the metalliZation layer 113 as loW as 
possible to minimiZe the parasitic capacitances and thus the 
signal propagation delay. It turns out, hoWever, that forming 
both the dielectric layer 109 and the dielectric layer 110 of 
a loW-k material, although loWering the overall permittivity 
of the metalliZation layer 113, may result in poor reliability 
of the semiconductor device 100 caused by increased elec 
tromigration effects in the metal region 103 and the metal 
?lled trench 107 and via 106. It is believed that electromi 
gration is signi?cantly affected by the condition of any 
interfaces of the metal With the surrounding dielectric mate 
rial, such as, for instance, interfaces 103a and 107a, so that, 
especially along such interfaces, electrical ?eld and/or tem 
perature induced material transport occurs. The condition of 
the interfaces, such as the interfaces 103a and 107a, is, 
among other things, determined by the mechanical charac 
teristics of the surrounding dielectric material and, hence, 
the electromigration behavior of conventional dielectrics, 
such as silicon dioxide, is superior compared to the behavior 
of loW-k materials, as usually the loW-k materials exhibit a 
reduced mechanical strength. For this reason, frequently the 
dielectric layer 109, i.e., the dielectric of the via layer 111, 
is provided in the form of a material having enhanced 
mechanical strength compared to a loW-k material and thus 
silicon dioxide, typically doped With ?uorine, may be used 
as the dielectric material. In this Way, an improved behavior 
With respect to electromigration is balanced against mini 
miZing the total permittivity of the metalliZation layer 113. 

[0011] A typical process How for forming the semicon 
ductor device 100 may comprise the folloWing processes. 
After completing any circuit elements, the dielectric layer 
102 and the metal region 103 With the conductive barrier 
layer 104 may be formed by a Well-established process 
sequence. It may be assumed, for instance, that the dielectric 
layer 102 and the metal region 103 represent a metalliZation 
layer, Which may have substantially the same con?guration 
as the metalliZation layer 113. Therefore, substantially the 
same processes as Will be described beloW for forming the 
metalliZation layer 113 may also apply to the formation of 
the dielectric layer 102 and the metal region 103 including 
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the barrier layer 104. Then, the dielectric barrier layer 105 
may be deposited by plasma enhanced chemical vapor 
deposition (PECVD) on the basis of Well-established pro 
cess recipes to form a silicon nitride layer or a nitrogen 
enriched silicon carbide layer. Thereafter, the dielectric layer 
109 is deposited, for instance, by PECVD on the basis of 
TEOS and oxygen and/or oZone and a precursor material 
including ?uorine. 

[0012] Thereafter, the loW-k dielectric layer 110 may be 
formed, for instance, by depositing SiCOH from trimethyl 
silane (3M5) or 4MS, and the like. After the deposition, a 
capping layer (not shoWn) may be deposited, for instance 
comprised of silicon dioxide, to provide a mechanically 
strengthened surface area of the loW-k dielectric layer 110. 
Thereafter, an anti-re?ective coating (ARC) layer may be 
deposited, for instance comprised of silicon oxynitride, to 
enhance the folloWing photolithography, Which is performed 
in accordance With Well-established processes to provide a 
resist mask for patterning the layers 110 and 109 by aniso 
tropic etch techniques, in Which the trench 107 may be 
formed prior to the via 106 or in Which the via 106 may be 
formed prior to the trench 107. 

[0013] Thereafter, the conductive barrier layer 108 is 
formed above the structure and Within the trench 107 and the 
via 106, Wherein typically sputter techniques are employed 
to form the barrier layer 108 and also a seed layer (not 
shoWn) for a subsequent electrochemical deposition of 
metal, such as copper, Within the via 106 and the trench 107. 
Frequently, copper is deposited by electroplating. After the 
metal deposition, any excess material of the metal, the 
barrier layer 108 and the seed layer are removed by, for 
instance, chemical mechanical polishing (CMP), during 
Which the optional capping layer for strengthening the 
surface of the dielectric layer 110 may act as a layer for 
stopping the CMP process. Finally, the dielectric barrier 
layer 114 may be deposited, for instance in the form of 
silicon nitride or nitrogen-enriched silicon carbide by means 
of PECVD. 

[0014] As is evident from the above description, a highly 
complex manufacturing process is required, Wherein the 
electrical performance of the device 100 is less advanced 
compared to a device having a metalliZation layer 113 that 
is substantially fully formed of a loW-k material. With the 
continuous shrinkage of feature siZes, Which also requires 
the formation of densely spaced metal-?lled trenches 107 
and densely spaced vias 106, the moderately high permit 
tivity of the metalliZation layer 113 due to the silicon dioxide 
in the via layer 111 may result in signi?cant signal propa 
gation delays. On the other hand, providing a loW-k material 
in the via layer 111 in the above con?guration may be a less 
desirable option oWing to the reduced device reliability. 

[0015] In vieW of the situation described above, there 
exists a need for an improved technique that avoids or at 
least reduces the effects of one or more of these problems. 

SUMMARY OF THE INVENTION 

[0016] The folloWing presents a simpli?ed summary of the 
invention in order to provide a basic understanding of some 
aspects of the invention. This summary is not an exhaustive 
overvieW of the invention. It is not intended to identify key 
or critical elements of the invention or to delineate the scope 
of the invention. Its sole purpose is to present some concepts 
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in a simpli?ed form as a prelude to the more detailed 
description that is discussed later. 

[0017] Generally, the present invention is directed to a 
technique that enables the formation of a metalliZation layer 
of reduced permittivity While at the same time providing 
superior resistance against electromigration compared to 
conventional metalliZation layers having a loW-k material in 
the metal line layer and the via layer. The present invention 
is based on the concept that the behavior of a loW-k 
dielectric layer stack may be signi?cantly in?uenced by the 
provision of a dielectric layer creating compressive stress 
Within the layer stack. That is, the reliability of the metal 
liZation layer comprising a loW-k material in the metal line 
layer and the via layer may be enhanced by creating com 
pressive stress Within the via layer. 

[0018] According to one illustrative embodiment of the 
present invention, a method comprises forming a metal 
region in a dielectric layer formed above a substrate and 
forming a dielectric barrier layer on the metal region. 
Moreover, the method further comprises forming a stress 
layer having an intrinsic compressive stress above the 
dielectric barrier layer and forming a loW-k dielectric layer 
above the dielectric barrier layer. 

[0019] According to another illustrative embodiment of 
the present invention, a semiconductor device comprises a 
substrate and a metal line layer formed above the substrate, 
Wherein the metal line layer comprises a loW-k dielectric 
material With a plurality of metal lines formed therein. The 
semiconductor device further comprises a dielectric barrier 
layer formed above the metal line layer and a dielectric 
stress layer formed above the dielectric barrier layer, 
Wherein the dielectric stress layer has an intrinsic compres 
sive stress. Additionally, the device comprises a via layer 
located above the dielectric stress layer, Wherein the via 
layer comprises a metal-containing via formed in a dielectric 
material, the dielectric barrier layer and the dielectric stress 
layer. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0020] The invention may be understood by reference to 
the folloWing description taken in conjunction With the 
accompanying draWings, in Which like reference numerals 
identify like elements, and in Which: 

[0021] FIG. 1 schematically shoWs a semiconductor 
device including a metalliZation layer on the basis of a loW-k 
material in the metal line layer and a conventional dielectric 
material in the via layer in accordance With a typical 
conventional technique; 

[0022] FIGS. 2a-2c schematically shoW cross-sectional 
vieWs of a semiconductor device in accordance With illus 
trative embodiments of the present invention, Wherein a 
compressive stress layer is formed at least in the via layer; 
and 

[0023] FIG. 3 schematically shoWs a graph representing 
measurement results illustrating a comparison of the elec 
trical performance of a conventionally fabricated device and 
a device in accordance With the present invention. 

[0024] While the invention is susceptible to various modi 
?cations and alternative forms, speci?c embodiments 
thereof have been shoWn by Way of example in the draWings 
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and are herein described in detail. It should be understood, 
hoWever, that the description herein of speci?c embodiments 
is not intended to limit the invention to the particular forms 
disclosed, but on the contrary, the intention is to cover all 
modi?cations, equivalents, and alternatives falling Within 
the spirit and scope of the invention as de?ned by the 
appended claims. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0025] Illustrative embodiments of the invention are 
described beloW. In the interest of clarity, not all features of 
an actual implementation are described in this speci?cation. 
It Will of course be appreciated that in the development of 
any such actual embodiment, numerous implementation 
speci?c decisions must be made to achieve the developers’ 
speci?c goals, such as compliance With system-related and 
business-related constraints, Which Will vary from one 
implementation to another. Moreover, it Will be appreciated 
that such a development effort might be complex and 
time-consuming, but Would nevertheless be a routine under 
taking for those of ordinary skill in the art having the bene?t 
of this disclosure. 

[0026] The present invention Will noW be described With 
reference to the attached ?gures. Various structures, systems 
and devices are schematically depicted in the draWings for 
purposes of explanation only and so as to not obscure the 
present invention With details that are Well knoWn to those 
skilled in the art. Nevertheless, the attached draWings are 
included to describe and explain illustrative examples of the 
present invention. The Words and phrases used herein should 
be understood and interpreted to have a meaning consistent 
With the understanding of those Words and phrases by those 
skilled in the relevant art. No special de?nition of a term or 
phrase, i.e., a de?nition that is different from the ordinary 
and customary meaning as understood by those skilled in the 
art, is intended to be implied by consistent usage of the term 
or phrase herein. To the extent that a term or phrase is 
intended to have a special meaning, i.e., a meaning other 
than that understood by skilled artisans, such a special 
de?nition Will be expressly set forth in the speci?cation in a 
de?nitional manner that directly and unequivocally provides 
the special de?nition for the term or phrase. 

[0027] The present invention is based on the concept that 
a loW-k interconnect structure, i.e., a metalliZation layer, the 
dielectric material of Which is substantially comprised of a 
loW-k dielectric, may effectively be strengthened in that one 
or more material layers including compressive stress and 
exhibiting a higher mechanical stability or strength are 
introduced into the metalliZation layer. In particular embodi 
ments of the present invention, the stress layer With intrinsic 
compressive stress is located in the vicinity of an interface 
formed betWeen a metal line and a dielectric barrier material 
that is provided as a dielectric buffer material betWeen the 
loW-k dielectric material and the metal. With reference to the 
draWings, further illustrative embodiments of the present 
invention Will noW be described in more detail. 

[0028] FIG. 2a schematically shoWs a cross-sectional 
vieW of a semiconductor device 200 Which may represent 
any advanced device requiring a sophisticated interconnect 
structure or metalliZation layer including a loW-k dielectric 
material. In this respect, it should be appreciated that the 
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term “loW-k dielectric material” refers to any dielectric 
material having a relative permittivity of approximately 3.1 
and less. Moreover, the term “loW-k metalliZation layer” 
should be understood to describe a metalliZation layer 
including a loW-k dielectric material as the preponderant 
amount of material of the dielectric material in the metalli 
Zation layer to reduce the signal propagation delay time 
compared to an equivalent metalliZation layer, Which also 
includes a substantial portion of a “conventional” dielectric 
material such as silicon dioxide, ?uorine-doped silicon 
dioxide and the like. Since the effect of signal propagation 
delay of metalliZation layers becomes signi?cant for semi 
conductor devices of critical dimensions of approximately 
0.18 pm and less, the present invention may be employed 
With devices having critical dimensions of 180 nm and 
signi?cantly less and especially With devices of critical 
dimensions of 130 nm and less. 

[0029] The semiconductor device 200 comprises a sub 
strate 201 that is representative of any appropriate substrate 
having formed thereon or therein circuit elements such as 
transistors, capacitors, conductive lines, etc, Which for con 
venience are not shoWn in FIG. 2a. A dielectric layer 202 is 
formed over the substrate 201 and includes a metal region 
203, Which may represent any of these circuit elements or 
portions thereof or Wherein the metal region represents a 
metal line of a metalliZation layer. The metal region 203 may 
have formed on the side Walls and a bottom surface a 
conductive barrier layer 204, Which may be comprised of 
tantalum, tantalum nitride, titanium, titanium nitride, and the 
like. A ?rst dielectric barrier layer or capping layer 205 is 
formed on the dielectric layer 202 and the metal region 203 
and may be comprised of a diffusion blocking material such 
as silicon nitride or nitrogen-enriched silicon carbide, When 
the metal region 203 comprises copper. HoWever, other 
materials may be used for the dielectric barrier layer 205, 
such as silicon dioxide and the like, if, for example, the 
metal region 203 represents a contact portion directly con 
necting to a circuit element. In some embodiments, the 
dielectric barrier layer 205 may have an intrinsic compres 
sive stress in the range of approximately 200-500 MPa 
(Megapascal). In the folloWing it is referred to embodiments 
in Which the metal region 203 represents a copper-contain 
ing metal line. In these embodiments, it may be advanta 
geous that the dielectric barrier layer 205 be provided to 
optimiZe the diffusion blocking effect Without considering 
the stress characteristics of the layer 205. Therefore, in one 
particular embodiment, a dielectric stress layer 215 may be 
formed above the dielectric barrier layer 205, Wherein the 
stress layer 215 comprises intrinsic compressive stress With 
a magnitude as speci?ed before. In one particular embodi 
ment, the stress layer 215 is formed on the barrier layer 205, 
Whereas, in other embodiments, the stress layer 215 is 
located in an intermediate location Within a loW-k dielectric 
layer 210, Which represents the loW-k dielectric material of 
a loW-k metalliZation layer 213 formed above the dielectric 
layer 202 and the metal region 203. In one illustrative 
embodiment, the dielectric layer 210 may be comprised of 
hydrogen-containing silicon oxycarbide (SiCOH), While in 
other embodiments other materials may be used, such as 
MSQ, HSQ, SILK, SiCOH and the like. A metal-containing 
trench 207 and a metal-containing via 206 may be formed in 
the dielectric layer 210 so that an upper portion of the 
metalliZation layer 213 may be considered as a metal line 
layer 212, While a loWer portion thereof may represent a via 
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layer 211. The metal in the trench 207 and the via 206 may 
be comprised of copper or a copper alloy and may be 
separated from the surrounding dielectric material by a 
conductive barrier layer 208, Which may be comprised of 
one or more layers including materials such as are speci?ed 
above With reference to the conductive barrier layer 204. 
The metalliZation layer 213 may further comprise a dielec 
tric barrier layer or capping layer 214 folloWed by a further 
dielectric stress layer 220. The barrier layer 214 may be 
comprised of nitrogen-enriched silicon carbide (SiCN) to 
maintain the overall permittivity at a loW level, Whereas, for 
less critical applications, silicon nitride may be appropriate. 
Similar to the dielectric barrier layer 215, the barrier layer 
220 may have an intrinsic compressive stress as speci?ed 
above and may, in one particular embodiment, be comprised 
of silicon dioxide or ?uorine-doped silicon dioxide that is 
formed from TEOS. 

[0030] A typical process How for forming the semicon 
ductor device 200 as shoWn in FIG. 2a may comprise the 
folloWing processes. After the formation of the metal region 
203 and of any circuit elements in and on the substrate 201, 
the dielectric barrier layer 205 may be deposited by any 
appropriate Well-knoWn deposition technique, such as 
plasma enhanced chemical vapor deposition. Depending on 
the material composition, deposition parameters may be 
controlled to create a desired compressive stress, if compat 
ible With process constraints, as Will be described beloW in 
context With the layer 215. Thereafter, the dielectric stress 
layer 215 may be deposited by PECVD from TEOS When 
the layer is comprised of silicon dioxide. During the depo 
sition, a certain amount of ?uorine-containing precursors 
may be added to obtain ?uorine-doped silicon dioxide 
having a reduced permittivity compared to silicon dioxide. 
During this deposition process, at least one process param 
eter is controlled to create the layer 215 With a speci?ed 
amount of compressive stress. For instance, the amount of 
stress created during the deposition of the layer 215 may 
depend on the gas mixture, the deposition temperature, and 
the magnitude of the bias voltage created by, for instance, 
the loW frequency bias poWer, Which may usually be avail 
able in advanced CVD tools alloWing a dual frequency 
operation. 
[0031] For instance, With a ProducerTM system from 
Applied Materials, Inc, a silicon dioxide layer having a 
compressive stress in the range of 300-400 MPa may be 
obtained on the basis of the folloWing process parameters. 
The pressure during the deposition may be adjusted to 
approximately 3-6 Torr While the high frequency poWer for 
establishing a plasma ambient may be set to approximately 
70-150 Watts, resulting in an appropriate poWer density 
Within the plasma atmosphere that is also determined by the 
speci?c geometric con?guration of the reactor chamber. The 
poWer supplied in the form of loW frequency energy is set to 
approximately 250-350 Watts. The deposition temperature is 
selected to be approximately 350-450° C., for instance 
approximately 400° C., and the gas ?oW for the carrier gas 
helium is set to approximately 1000-4000 sccm (standard 
cubic centimeter per minute), for example, approximately 
3000 sccm, While oxygen is supplied With a How rate of 
approximately 1000-1400 sccm. TEOS is supplied With an 
amount of approximately 1800-2000 mg per minute. With 
the above speci?ed deposition tool and the process param 
eters as speci?ed before, a deposition rate of approximately 
5-8 nm per second may be obtained and a non-uniformity 
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rate across a 200 mm substrate of approximately 1-2% may 
be achieved. The index of refraction is approximately 1.46 
1.50. Athickness of the silicon dioxide layer may range from 
approximately 10-100 nm or even more, depending on 
process and device requirements. 

[0032] It is to be appreciated that other process parameters 
may be established on the basis of the above teaching, When 
different deposition tools and/or substrate diameters are 
used. In some embodiments, the dielectric barrier layer 205 
may also be provided in the form of a layer including 
compressive stress, Wherein the layer 205 may be formed in 
accordance With Well established PECVD recipes, Wherein 
one or more process parameters are adjusted to obtain the 
desired compressive stress. For instance, the ion bombard 
ment during the deposition of silicon nitride may be adjusted 
to a loW level by correspondingly reducing or sWitching off 
any loW frequency bias poWer to thereby create compressive 
stress in the layer 205. 

[0033] Thereafter, the loW-k dielectric layer 210 may be 
formed, for instance, in one particular embodiment by 
depositing hydrogen-containing silicon oxycarbide from 
oxygen and trimethylsilane (3MS) in accordance With Well 
established process recipes. In other embodiments, SiCOH 
may be deposited from 4MS, OMCTS or any other appro 
priate precursors. In some embodiments, the stress layer 215 
and the loW-k dielectric layer 210 may be deposited by an in 
situ process, i.e., the layers 215 and 210 may be deposited 
Within the same process chamber Without breaking the 
vacuum While depositing the layer 215 and the layer 210. In 
one illustrative embodiment, the layer 215 may be posi 
tioned at any intermediate location Within the loW-k dielec 
tric layer 210, Which may be achieved by correspondingly 
changing the process parameters in the process chamber to 
intermittently deposit silicon dioxide With a speci?ed intrin 
sic stress at a desired position. In one particular embodi 
ment, the stress layer is formed on the layer 205. In still other 
embodiments, tWo or more layers 215, having for example 
a thickness of approximately 40-80 nm, may be deposited 
Within the loW-k dielectric material by correspondingly 
modifying the deposition process for the layer 210. 

[0034] In yet further embodiments, after the deposition of 
the stress layer 215, the loW-k dielectric layer 210 may be 
formed by means of spin-on techniques When viscous mate 
rials are used as loW-k dielectric, such as MSQ, HSQ and the 
like. After the formation of the loW-k dielectric layer 210, a 
via opening may be formed through the dielectric layer 210 
and the stress layer 215 and the barrier layer 205 by 
advanced photolithography and anisotropic etch techniques. 
Thereafter, a further photolithography process may be car 
ried out to provide a resist mask (not shoWn) for forming the 
trench 207 by a further anisotropic etch process. For con 
venience, the formation of any capping layers for strength 
ening the loW-k dielectric layer 210 at its upper surface and 
the provision of any ARC layers, required for advanced 
photolithography techniques, are not shoWn. Thereafter, the 
conductive barrier layer 208 may be formed Within the 
trench 207 and the via 206 folloWed by the deposition of a 
seed layer (not shoWn) that is used during a subsequent 
electrochemical ?ll process. After the completion of the ?ll 
process, Which may be performed as an electroplating pro 
cess for ?lling in copper or a copper alloy, any excess 
material may be removed, for instance by chemical 
mechanical polishing (CMP), thereby also planariZing the 
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resulting surface. Thereafter, the dielectric barrier layer 214 
is formed above the dielectric layer 210 and the metal-?lled 
trench 207, folloWed by the deposition of the dielectric stress 
layer 220. Regarding the layers 214 and 220, the same 
criteria apply as previously explained With reference to the 
layers 205 and 215. 

[0035] As previously explained, advanced integrated cir 
cuits typically require a plurality of metalliZation layers, 
such as the layer 213, to provide the large number of 
electrical connections in accordance With the complex cir 
cuit design. With reference to FIG. 2b, the formation of one 
further metalliZation layer is described and should be con 
sidered as being representative for the formation of any 
further metalliZation layers, Wherein the number of metal 
liZation layers depends on the complexity of the integrated 
circuit under consideration. For instance, presently available 
microprocessors may have up to eight copper-based metal 
liZation layers including a loW-k material. 

[0036] FIG. 2b schematically shoWs the semiconductor 
device 200 further comprising a second metalliZation layer 
240 including a loW-k dielectric layer 230 With an interme 
diate dielectric layer 235, Which may act as an etch stop 
layer, an etch indicator layer or, in one particular embodi 
ment, may act as a stress layer Which is provided at a 
position that is correlated With a depth of a trench still to be 
formed in an upper portion of the loW-k dielectric layer 230. 
Moreover, a via 231 is formed through the layers 230, 235, 
220 and 214. 

[0037] The metalliZation layer 240 may be formed in 
accordance With processes as are previously described With 
reference to the metalliZation layer 213. For example, the 
loW-k material for the layer 230 may be deposited from 
3MS, 4MS and the like, if the layer 230 is substantially 
comprised of SiCOH. In other embodiments, spin-on tech 
niques may be used to apply a polymer material in accor 
dance With process requirements. After the loW-k material 
for the layer 230 With a speci?c ?rst thickness is deposited, 
the layer 235 may be deposited Which may, in one particular 
embodiment, be accomplished by depositing a highly com 
pressive silicon dioxide layer from TEOS. Thereafter, the 
formation of the layer 230 may be continued to obtain the 
?nally desired thickness and composition of the layer 230. 
Again, the deposition of any capping layers for strengthen 
ing the surface of the loW-k dielectric material is not shoWn. 
Moreover, as previously noted, the formation of any ARC 
layers required for the subsequent photolithography is not 
illustrated in FIG. 2b. It should also be appreciated that With 
regard to the formation of the layer 235 and the layer 230 the 
same criteria apply as previously explained With the layers 
210 and 215. That is, in some embodiments, the formation 
of the layers 230 and 235 may be carried out as an in situ 
process, thereby signi?cantly reducing the process complex 
ity. Moreover, since the layer 235 may be used as an etch 
indicator layer, even if it is provided as a stress layer having 
intrinsic compressive stress, the location of the layer 235 
Within the layer 230 may be controlled to be correlated With 
a depth to be etched into the upper portion of the layer 230 
for forming a trench according to a dual damascene tech 
nique. 

[0038] For instance, the position of the layer 235 may 
substantially correspond to the bottom of the trench to be 
formed. In other embodiments, the layer 235 may represent 
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an etch stop layer comprised of silicon nitride or nitrogen 
enriched silicon carbide and the like to reliably stop the 
trench etch process. In some embodiments, the layer 235, 
When being provided as an etch stop layer, may also be 
formed to exhibit a speci?ed intrinsic compressive stress. As 
previously explained, the deposition process during the 
plasma enhanced chemical vapor deposition may corre 
spondingly be adjusted to obtain the speci?ed compressive 
stress. Moreover, instead of the via 231, a corresponding 
trench may be formed ?rst and thereafter the via 231 may be 
etched. 

[0039] After the formation of the layer 230 and any ARC 
layers, a corresponding resist mask may be formed by 
photolithography, Which is then used to form the via 231 by 
an anisotropic etch process Wherein the process may reliably 
be stopped on and in the layer 214. 

[0040] FIG. 2c schematically shoWs the semiconductor 
device 200 during an anisotropic etch process, indicated by 
260, for forming a trench 232 in the loW-k dielectric layer 
230, that is, in an upper portion thereof. To this end, a resist 
mask 250 is formed above the loW-k dielectric layer 230 
Wherein, again, for convenience, any additional capping 
layers and/or anti-re?ective coatings formed Within the 
loW-k dielectric layer 230 are not shoWn. The resist mask 
250 and possibly any additional capping layers and anti 
re?ecting layers are formed in accordance With Well-estab 
lished deposition and photolithography techniques. There 
after, the anisotropic etch process 260 is performed Wherein, 
at a ?nal phase of the process, gaseous byproducts 261 may 
be liberated When the etch front reaches the dielectric layer 
235, Which has a different composition as it may be com 
prised of silicon dioxide or ?uorine-doped silicon dioxide, 
silicon nitride and the like. In particular, excited cyanide 
(CN) molecules and excited carbon monoxide (CO) mol 
ecules may be generated When the etch front arrives at the 
layer 235, When comprised of silicon dioxide, thereby 
initiating the emission of corresponding light Wavelengths 
262 that may effectively be detected by a corresponding end 
point detection system (not shoWn) as is typically provided 
in readily available etch tools. Hence, by identifying promi 
nent lines Within the emitted light Wavelengths 262, the etch 
process 260 may be stopped With high precision. Thus, 
although the etch selectivity may be moderately loW 
betWeen the layer 235, When provided in the form of a 
compressive silicon dioxide layer, and the loW-k SiCOH, an 
increased reliability in etching the trench 232 may be 
achieved, While the compressive stress of the layer 235 still 
provides enhanced mechanical stability and thus improved 
electrical performance of the metalliZation layer 240. In 
other embodiments, if concerns in vieW of parasitic capaci 
tance are less critical, the layer 235 may be provided in the 
form of an etch stop layer, thereby still further improving the 
reliability of the trench etch process 260. Thereafter, the 
process may be continued as is already described With 
reference to the metalliZation layer 213, thus corresponding 
conductive barrier layers may be deposited, and thereafter 
the trench 232 and the via 231 may be ?lled With a 
copper-based metal. 

[0041] As a result, the present invention provides a tech 
nique that enables the formation of loW-k metalliZation 
layers Wherein the loW-k material is also provided Within the 
via level While still maintaining an enhanced electrical 
behavior due to the provision of the stress layers 205, 215 
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and/or 235. Hereby, for speci?c loW-k materials, a reduced 
complexity of the deposition process may be obtained, in 
that the deposition of the stress layers 205, 215 and 235 may 
be carried out as an in situ process in combination With the 
deposition of the loW-k material. 

[0042] FIG. 3 schematically shoWs measurement results 
of an electromigration test for a semiconductor device 
having tWo metalliZation layers, such as layers 213 and 240, 
stacked on top of each other for a plurality of devices formed 
in accordance With the present invention and for a plurality 
of comparison devices. During the electromigration test, the 
devices Were operated With current densities that are also 
encountered during the normal operation, While the tem 
perature Was signi?cantly increased compared to normal 
operating conditions. In particular, the temperature Was 
raised to approximately 325° C. to promote current-induced 
electromigration effects. In FIG. 3, curve A represents a 
calculated curve matching measurement results representing 
a semiconductor device formed in accordance With the 
present invention, Wherein particularly a compressive sili 
con dioxide layer is formed on top of the respective dielec 
tric barrier layer (e.g., the layers 215 and 220 in FIGS. 2b 
and 2c). Curve B in FIG. 3 represents a conventional device, 
i.e., comprising a hybrid metalliZation layer as is shoWn in 
FIG. 1. Moreover, curve C represents a device having a 
structure similar to the device represented by curve A, 
except for the fact that the corresponding layers 215 and 220 
are provided Without intrinsic compressive stress. Finally, 
curve D in FIG. 3 represents the semiconductor device of 
FIG. 1, Wherein the entire metalliZation layer is substan 
tially comprised of a loW-k SiCOH. The horiZontal axis 
represents the number of failure events in arbitrary units, 
While the vertical axis depicts the time to failure in hours. As 
is evident from FIG. 3, the number of failure events of the 
inventive semiconductor devices, represented by curve A, 
are substantially less for a given time to failure, or the time 
to failure is signi?cantly higher for a given number of failure 
events during the electromigration tests. In particular, the 
comparison With curve D, representing the device having a 
full loW-k dielectric layer, clearly shoWs the superior reli 
ability, While the electrical behavior is substantially the 
same, as the total permittivity of the respective metalliZation 
layers is substantially the same. 

[0043] The particular embodiments disclosed above are 
illustrative only, as the invention may be modi?ed and 
practiced in different but equivalent manners apparent to 
those skilled in the art having the bene?t of the teachings 
herein. For example, the process steps set forth above may 
be performed in a different order. Furthermore, no limita 
tions are intended to the details of construction or design 
herein shoWn, other than as described in the claims beloW. 
It is therefore evident that the particular embodiments dis 
closed above may be altered or modi?ed and all such 
variations are considered Within the scope and spirit of the 
invention. Accordingly, the protection sought herein is as set 
forth in the claims beloW. 

What is claimed: 
1. A method, comprising: 

forming a metal region in a dielectric layer formed above 
a substrate; 

forming a dielectric barrier layer on said metal region; 
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forming a stress layer having an intrinsic compressive 
stress above said dielectric barrier layer; and 

forming a loW-k dielectric layer above said dielectric 
barrier layer. 

2. The method of claim 1, further comprising patterning 
said loW-k dielectric layer to form a trench and a via therein. 

3. The method of claim 1, Wherein said stress layer is 
deposited on said dielectric barrier layer. 

4. The method of claim 1, further comprising forming at 
least one further stress layer having an intrinsic compressive 
stress at an intermediate position Within said loW-k dielectric 
layer. 

5. The method of claim 1, Wherein forming said stress 
layer and said loW-k dielectric layer is accomplished by an 
in situ process. 

6. The method of claim 1, Wherein said intrinsic com 
pressive stress is in the range of approximately 300-400 
MPa. 

7. The method of claim 1, further comprising forming at 
least one of an etch stop layer and an etch indicator layer at 
an intermediate position Within said loW-k dielectric layer. 

8. The method of claim 7, Wherein said at least one of an 
etch stop layer and etch indicator layer comprises an intrin 
sic compressive stress. 

9. The method of claim 1, Wherein said stress layer is 
comprised of silicon dioxide. 

10. The method of claim 9, Wherein said silicon dioxide 
layer is formed from TEOS. 

11. The method of claim 1, Wherein said loW-k dielectric 
material comprises SiCOH. 

12. A semiconductor device, comprising: 

a substrate; 

a metal line layer formed above said substrate, said metal 
line layer comprising a loW-k dielectric material With a 
plurality of metal lines formed therein; 

a dielectric barrier layer formed above said metal line 
layer; 
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a dielectric stress layer formed above said dielectric 
barrier layer, said dielectric stress layer having an 
intrinsic compressive stress; and 

a via layer located above said dielectric stress layer, said 
via layer comprising a metal-containing via formed in 
a dielectric material, in said dielectric barrier layer and 
said dielectric stress layer. 

13. The semiconductor device of claim 12, Wherein said 
dielectric material is a loW-k dielectric. 

14. The semiconductor device of claim 13, Wherein said 
loW-k material of the metal line layer and the dielectric 
material of said via layer are comprised of substantially the 
same material. 

15. The semiconductor device of claim 12, Wherein said 
intrinsic compressive stress has a magnitude in the range of 
approximately 300-400 MPa. 

16. The semiconductor device of claim 12, Wherein said 
dielectric stress layer is formed on said dielectric barrier 
layer. 

17. The semiconductor device of claim 12, further com 
prising a second dielectric stress layer formed at an inter 
mediate position Within at least one of said metal line layer 
and said via layer. 

18. The semiconductor device of claim 17, Wherein said 
second dielectric stress layer is located betWeen said metal 
line layer and said via layer. 

19. The semiconductor device of claim 12, Wherein said 
dielectric stress layer is comprised of silicon dioxide. 

20. The semiconductor device of claim 12, Wherein said 
loW-k dielectric material comprises SiCOH. 

21. The semiconductor device of claim 12, further com 
prising at least one of an etch stop layer and an etch indicator 
layer betWeen said metal line layer and said via layer. 


